, good substrate adhesion [11] [12] [13] , ability to sustain abrasion via low-speed impact of sand particles (speed < 3 m s 16, 17 , but poor mechanical properties. In addition, and just as importantly, a lack of resistance to liquid impalement into the surface texture via high-speed drop/jet impact is another important issue, which limits the practical exploitation of superhydrophobic coatings. For example, a moving car or wind turbine blades must withstand high-speed water drop impacts and/or sand erosion; and equipment in chemical process and sewage treatment plants is exposed to strong acid or base corrosion and may even be exposed to highly oxidizing conditions. Even simple infrastructure components exposed to elements can experience impact by high-speed water drops. Despite notable progress, superhydrophobic coatings with such characteristics have remained elusive.
S
uperhydrophobicity is an evolutionary adaption manifested by several natural surfaces such as lotus leaves 1 , pond skater legs 1 , butterfly wings 2 and so on, wherein extreme water repellency is achieved by exploiting micro/nanoscale or hierarchical surface textures and low-surface-energy materials. Artificial superhydrophobic materials offer exciting promise for self-cleaning 3 , anti-icing 4 , anti-fouling 5 , energy-efficient fluid transport 6 , oil-water separation 7 and so on. Superhydrophobic materials/coatings 8 with mechanical robustness 9, 10 , good substrate adhesion [11] [12] [13] , ability to sustain abrasion via low-speed impact of sand particles (speed < 3 m s −1 ) 14 , stability to high-temperature exposure 15 and good chemical resistance 16, 17 have been reported. However, a simultaneous demonstration of these features is a major challenge. For example, coatings including inorganic nanoparticles or building blocks (for example, TiO 2 (ref. 12 ), SiO 2 (ref. 14 ), rare-earth oxides 15 and so on) offer mechanical robustness; however, they are chemically susceptible, especially to strong acids and bases. Similarly, organic coatings have good chemical resistance 16, 17 , but poor mechanical properties. In addition, and just as importantly, a lack of resistance to liquid impalement into the surface texture via high-speed drop/jet impact is another important issue, which limits the practical exploitation of superhydrophobic coatings. For example, a moving car or wind turbine blades must withstand high-speed water drop impacts and/or sand erosion; and equipment in chemical process and sewage treatment plants is exposed to strong acid or base corrosion and may even be exposed to highly oxidizing conditions. Even simple infrastructure components exposed to elements can experience impact by high-speed water drops. Despite notable progress, superhydrophobic coatings with such characteristics have remained elusive.
For any surface, the contact angle θ of a water droplet lying on the surface quantifies its affinity to water; smooth surfaces with θ > 90° are hydrophobic 18 . On a rough, hydrophobic surface, a droplet can be supported by the solid surface asperities and air. This composite interface (that is, liquid in contact with the solid asperities and air) enhances the hydrophobicity and enables easy drop roll-off on surfaces and the drop is said to attain the so-called Cassie-Baxter state 18 . Composite materials comprising micro/nanoscale filler particles dispersed in hydrophobic polymer matrices have been utilized to achieve superhydrophobicity 19 . However, multi-pronged robustness focused on herein remains a challenge.
Robustness strategy
There are three different, and at times synergistic, strategies that can be exploited to address these challenges and obtain a robust coating. First, just as in living systems, we can exploit features of easy repair ability and self-healing [20] [21] [22] . This naturally helps overcome the issue of mechanical damage introduced, for example, by abrasion. Second, we can design coatings that fail in a self-similar manner, such that following damage the exposed parts of coatings are similar in texture and functionality to the top/undamaged layer. Third, if these coatings are compliant, then they can soften the peak pressure generated during the impact of a droplet or a jet on them. Here, we exploit a combination of the last two strategies and introduce a multi-fluorination strategy ( Fig. 1) to formulate all-organic nanocomposite coatings comprising fluorinated epoxy resin, perfluoropolyether and fluoropolymeric nanoparticles as their building blocks. The epoxy resin is selected due to its mechanical and chemical robustness, ability to disperse nanoparticles through hydrophilic functional groups (Fig. 1a) and strong substrate adhesion; the perfluoropolyether helps to tune the surface energy and flexibility; and the fluoropolymer nanoparticles offer texture control and low surface energy. The rational choice of all the constituents in our allorganic formulation also imparts excellent chemical robustness to our coatings.
Rational multi-fluorination
The multi-fluorination was achieved as follows. First, fluorinated amine curing agent was synthesized by reacting diethylenetriamine Supplementary Fig. 1 ). Then, this fluorinated amine was used to connect (graft) the epoxy backbone with low-surfaceenergy fluoropolymers to obtain fluorinated epoxy resin (Fig. 1b , denoted as FE resin). Second, a perfluoropolyether (Krytox oil) was blended with the FE resin to further enhance the hydrophobicity (Fig. 1c , denoted as KFE resin) and to introduce mechanical flexibility. Simple epoxy resins can be hard, which is not beneficial for liquid impact resistance (see below). Thus, the addition of perfluoropolyether was crucial to the realization of superhydrophobic coatings with low hysteresis and easy drop roll-off. Third, polytetrafluoroethylene (PTFE) nanoparticles were incorporated into the KFE resin to obtain the superhydrophobic nanocomposite coating (Fig. 1d , denoted as PKFE coating). For dynamic wettability characterization of the coatings, water drop advancing and receding contact angles, denoted respectively by θ A and θ R , and their difference (that is, contact angle hysteresis, Δ θ) were measured 23 . The initial mean θ A and Δ θ for PKFE were ~158° and 3°, respectively, and these values remained stable after 6 months of storage in room conditions. Fourier transform infrared spectroscopy was used to assess the compositions (Fig. 1e) . The peaks at ~550-650 cm −1 and ~1,150-1,250 cm −1 confirm the presence of -CF 2 and -CF 3 functional groups 24 , which proves the successful fluorination of the epoxy resin via grafting, blending and mixing (that is, all of the different steps in our multi-fluorination strategy). For coating preparation, the multifluorination was realized via wet processing to give a stable polymer/ particle suspension of the epoxy resin, the fluorinated amine (curing agent), the perfluoropolyether, the PTFE nanoparticles and an organic solvent (see Methods and Supplementary Methods). The resulting suspension could be sprayed, brushed or roll-coated on nearly any substrate such as glass, metal, paper, carbon fibre composites and so on (Supplementary Methods and Supplementary Fig. 2 ). As a final step, the coatings were annealed in air at ~100 °C for ~1 h ( Supplementary Fig. 3 ). The entire coating preparation procedure is scalable to large-area substrates ( Supplementary Fig. 2 ). Note that we introduce fluorination through the amine hardener for the epoxy, in aqueous synthesis conditions and, crucially, at room temperature. Therefore, our grafting technique is safe, quick and easy to perform, without involving any toxic organic solvents or by-products. Water is our only synthesis by-product from epoxy fluorination and just needs to be evaporated at 100 °C; the approach is safe and environmentally friendly.
A series of robustness tests were employed to probe the mechanical, chemical and droplet/jet impact resistance of the PKFE nanocomposite coatings. The following results were all obtained using the coating with an optimal ~75 wt% loading of PTFE nanoparticles, which was determined by preparing a series of coatings with different nanoparticle loadings (Supplementary Note 1) and testing liquid repellency ( Supplementary Fig. 4 ) and abrasion resistance ( Supplementary Fig. 5 ).
Mechanical robustness
Mechanical robustness is the major challenge for superhydrophobic coatings and was thus considered first. The results of two different types of mechanical robustness test are presented in Fig. 2 . First, a high-tack tape (VHB, 3M, with an adhesion to steel value of 2,600 N m confirm the presence of -CF 2 and -CF 3 functional groups and the successful fluorination at every step.
and a slight increase of hysteresis (Δ θ) from 3° to 4° (see Fig. 2b ). However, the coating maintained excellent water repellency even after 30 tape peel-off cycles (Fig. 2b) ; this is also evident from there being virtually no change in the coating morphology (see Fig. 2e ,f, respectively for fresh and tape-peeled coatings) and the complete bouncing of a water drop impacting at ~0.22 m s −1 (Fig. 2h , cases 1 and 2). We also performed a cross-hatch, ASTM standard adhesion test using two different tapes: a standard Elcometer 99 (adhesion to steel: 642 N m ) and the high-tack VHB tape. The Elcometer 99 tape did not remove any coatings, whereas none or less than 5% of the coating was removed onto the VHB tape (see Supplementary Note 2 and Supplementary Fig. 6c,d ) and ~10 μ l water drops easily rolled off the tested area at inclination angles of less than 5°.
As a second mechanical robustness test, the abrasion resistance of the coatings was tested using an ASTM standard Taber abrasion technique (Supplementary Note 3) , where loaded wheels are abraded against coated substrates, mounted on a rotary platform (see Fig. 2c and Supplementary Fig. 7 ). The changes in the coating θ A and thickness with the Taber abrasion cycles are plotted in Fig. 2d for three different loads. Each abrasion data point and error bar (for example, in Fig. 2c and Supplementary Figs. 5 and 14) was obtained from distinct measurements on three different coating samples and at least at three different locations on each. After 100 abrasion cycles, the θ A of the PKFE coating remained above 150° for loads of 150 g and 200 g and reduced to ~146° for 250 g (Fig. 2d) . This clarifies the progressively higher abrasion rate The tape was applied uniformly by rolling a 4 kg steel roller twice. b, The effect of tape-peel cycles on the water repellency of the PKFE coating-superhydrophobicity is maintained after 30 cycles (θ A remained above 155° and Δ θ below 5°). c, A schematic of the mechanical abrasion tests performed using the Taber abrasion tester, comprising loaded abrading wheels rubbing against coated samples mounted on a rotary platform. d, The change in θ A and the coating thickness reduction with Taber abrasion cycles with three different abrading loads. θ A remained at ~155° at 150 g load, ~151° at 200 g and ~146° at 250 g, even after 100 abrasion cycles. e, A scanning electron micrograph showing the PKFE nanocomposite coating morphology featuring PTFE nanoparticles coated with fluorinated epoxy. Scale bar, 1 μ m. f, A scanning electron micrograph showing the morphology of the PKFE coating after 30 tape-peel cycles; strong tape peeling caused no observable damage to the coating morphology. Scale bar, 1 μ m. g, The morphology of the PKFE coating after 100 abrasion cycles of (250 g load); a plastic deformation spot (indicated by the arrow) was observed. Scale bar, 1 μ m. h, Confirmation of coating integrity; complete bounce off shown by water droplets impacting at ~0.22 m s −1 on fresh PKFE nanocomposite coating (1), on the coating subjected to 30 tape peel-off cycles (2), on the coating after 100 cycles of abrasion at 200 g load (3) and on the coatings after high-speed jet impact test (4). Scale bars, 2.5 mm. The error bars denote standard deviations, obtained from distinct measurements on three different coating samples and at least at three different locations on each.
with increased abrasion loads. Note that in each case Δ θ remained under 10°.
We attribute the above abrasion-resistant water-repellency to our multi-fluorination strategy, which enables the PKFE nanocomposite coatings to maintain their texture even while being degraded by abrasion. At sufficient abrasion strength (250 g load), the degradation after 100 cycles was severe enough (see Fig. 2g ) to result in the loss of the resistance to impalement by an impacting drop impacting. However, a complete drop bounce off and impalement resistance was maintained at 200 g load (see Fig. 2h, case 3) , even after 100 abrasion cycles. Case 4 in Fig. 2h shows a drop rebounding from the region of the coating subjected to a high-speed jet impact, which will be discussed later. In the course of determining the optimal particle loading, the effect of constituent concentration on abrasion resistance was also investigated thoroughly to determine the optimal concentration of the PTFE particles and epoxy resin (see Supplementary Note 1 and Supplementary Fig. 5 ).
Chemical robustness
Our all-organic formulation was also developed with chemical robustness in mind. Thus, to assess harsh chemical corrosion resistance, we used aqua regia (a mixture of highly concentrated hydrochloric acid (HCl) and nitric acid (HNO 3 ) in a 3:1 volume ratio)-a strongly acidic and very potent oxidizing agent-and 1 M basic, sodium hydroxide (NaOH) solution. Although such extreme harsh chemical corrosion is not very common in practice, it is a meaningful means to establish the coating chemical robustness. The tests were performed by dipping the coated glass slides into the chemical solutions and periodically removing the samples and measuring the θ A and Δ θ after rinsing with water and drying. The results are shown in Fig. 3 . The coating maintained a θ A of greater than 150° after 60 min of aqua regia immersion (Fig. 3a) and 12 h of 1 M NaOH exposure (Fig. 3b) ; within experimental error, the Δ θ of ~10° or lower is also maintained. Scanning electron micrographs (Fig. 3c,d) show no observable damage. The reason for such excellent chemical resistance is the inherent chemical inertness of our rationally selected PKFE nanocomposite constituents.
liquid impalement resistance
Resistance to impalement by high-speed water drops and jets was considered next (the results are summarized in Fig. 4 ). Supplementary Movie 1 shows water drop impacts at ~1.0 m s −1 , ~2.0 m s −1 and ~4.6 m s −1 obtained by free-fall of droplets; the droplet at 4.6 m s −1 atomizes following impact. The important time instants during the impact are captured in Supplementary Fig. 8 in Supplementary Note 4. Clearly, at the high impact speed, the droplet and its fragments spent much less time on the surface (for example, Fig. 4a showing 8 .0 ms as opposed to ~15.3 ms for 4.6 m s −1 , see Supplementary Fig. 8 and Supplementary Movie 1) . This contact time reduction is due to drop atomization (splashing) following impact at a relatively high liquid Weber number (We l 
LG , where ρ l denotes the liquid density, γ LG is the liquid/gas interfacial tension, V is the impact speed and d is the characteristic length scale, taken as the diameter for both the jet and drops in this study (the We l values are shown in the Supplementary Movies). The splashingled reduction in contact time observed here at high We l is distinct from the reduction in contact time through surface texturing 25, 26 or the observed scaling of the contact time with drop resonance timescale 26, 27 , both of which have been obtained through impact studies at low We l (typically < 10 2 ). Note that unlike in a few previous studies on drop splashing on superhydrophobic surfaces (for example, ref. 28 ), on PKFE coatings after drop impact and splashing, we observed no signs of liquid impalement into the surface texture. Impaled liquid is typically visible as either a tiny remnant droplet 29 or as a liquid patch in post-impact top-view photographs 28 .
To investigate higher-speed impacts, water jets were generated using pneumatic forcing of water through nozzles (see Supplementary Note 5 and Supplementary Fig. 9 ); this helped us to overcome the limitation of maximum reachable velocity (terminal velocity) for gravity-accelerated drops 23 . The jet velocity measurement is described in Supplementary Note 5 (Supplementary Fig. 10 ). Supplementary Movies 2 and 3 show the impact of continuous water jets of 0.25 mm and 2.5 mm diameter, respectively. The corresponding We l values are also shown in the movies and the jets are classified into different regimes based on the jet flow parameters and material properties. The finer jets (0.25 mm diameter) atomize following substrate impact at high speeds, while the larger jet forms a stagnation point at the point of impact and follows the axisymmetric stagnation flow trajectory as marked by the blue dashed line in Fig. 4b as a simple guide to the eye. We also tested the ability of the PKFE coatings to withstand repeated jet impact events by subjecting them 20 times to a 0.25 mm jet at 25 m s −1 , for ~10 s each time. No damage was incurred. The coatings were also tested with impact of jets on surfaces inclined at 45° (see Supplementary Movies 4 and 5 for jets with 0.25 and 2.5 mm diameter, respectively). We also tested the impalement resistance of the PKFE coating up to ~35 m s −1 using a 2.5 mm jet (see Supplementary Fig. 11 and Supplementary Movie 6), with We l ~43,000; this was at the upper limit of velocity achievable in our set-up and the corresponding We l is 4-10 times higher than in recent works 30, 31 . Post-impact θ A measurements (Fig. 4c shows a still image of a droplet on the PKFE surface after jet impact test) and morphology (Fig. 4d) showed no observable damage. The low-speed drop impact resulted in complete droplet bounce off on the surface and the measured restitution coefficient remained at ~0.9 before and after jet impact (see Supplementary  Fig. 12 and Supplementary Note 5).
The PKFE coatings are flexible; the flexibility is demonstrated in Supplementary Movie 7. The flexibility arises due to homogeneous blending of the fluorinated epoxy with perfluoropolyether (Krytox) and soft PTFE nanoparticles. The softness of these coatings is in fact beneficial for impalement resistance. During impact of a droplet or a jet on a substrate, the impalement of the liquid meniscus into the surface texture is primarily influenced by a transient peak in the water hammer pressure (P wh ), which depends on the acoustic impedance of the drop/substrate combination (Supplementary Note 6 and see Supplementary Fig. 13) . Typically, for a rigid substrate, the effective acoustic impedance can be approximated as being equal to that of water. However, on soft and flexible coatings, such as the one presented herein (see Supplementary Note 6 and the region highlighted 'Flexible coatings' in Supplementary Fig. 13 ), the overall acoustic impedance can be as much as 25% lower-for typical material property values-with a corresponding reduction in the peak P wh . This is a major advantage and, at least partially, helps explain the excellent liquid impalement resistance demonstrated by the PKFE coatings. Note that despite the use of perfluoropolyether (that is, Krytox 1506 oil), our soft coating formulation is different from the recently proposed immiscible oil-infused textured surfaces for liquid repellency 32 . For oil-infused surfaces, immiscibility of the water with the oil (for example, Krytox) is exploited to achieve low Δ θ; however, the adhesion of water drops on oil-infused surfaces and the drop roll-off speed is controlled by the oil viscosity 33 . In fact, the drop roll-off on our coatings is faster than on the Krytox oil-infused surfaces. This is captured in Supplementary Movie 8, where we infused part of our coatings with the oil, after coating preparation and curing (see also Supplementary Note 7). Clearly the Krytox-infused (wet) part has a much higher drop adhesion. Therefore, our strategy to blend Krytox in the coating formulation rather than infusing the Krytox on a micro/nanotextured substrate has a clear advantage.
Comparative robustness assessment
We also compared our PKFE coatings with four different state-ofthe-art coatings to establish the superiority of their robustness (see Supplementary Note 8 and Supplementary Fig. 14) . The comparative results show that the PKFE coatings are about four times better in terms tape-peel resistance, a factor of two better in abrasion resistance and possess nearly an order of magnitude better chemical resistance and resistance to high-speed liquid impact (measured using We l ). In addition, the fluorinated components in PKFE are rationally selected to have minimal environmental impact: perfluoroalkane-functionalized epoxy, PTFE and Krytox are all stable and un-reactive (see Fig. 3) .
In summary, we demonstrated a robust all-organic nanocomposite coating that sustained water-repellency under a variety of harsh mechanical and chemical environments-this included impressive features such as an ability to resist liquid impalement during the impact of a 2.5-mm-diameter water jet at ~35 m s −1 (that is, 126 km h −1 ), and sustaining exposure to aqua regia corrosion. The robustness of our coatings emerges from their flexibility and an ability to retain superhydrophobicity through a layer-by-layer material removal when subjected to mechanical abrasion. The flexibility enables a cushioning of pressure peaks during the impact of liquid drops and jets, thereby helping to achieve excellent liquid impalement resistance and, in addition, a rational choice of all-organic components enables good chemical robustness. The robustness of our all-organic PKFE nanocomposite coatings-prepared mostly ) atomizing following impact with the coating, without any signs of impalement into the texture. Scale bars, 2.5 mm. b, A high-speed water jet impacting on the coating with an average speed of ~21 m s −1 and We l ~15,000; the maximum speed we tested the surfaces at is ~35 m s −1 (We l ~43,000). The coating showed no signs of impalement as tested with drop roll-off angle and restitution coefficient measurements. Scale bar, 2.5 mm. c, A water drop on the PKFE surface spot impacted by the water jet in b. Scale bar, 2.5 mm. d, Scanning electron micrograph of the morphology of a water-jet-impacted PKFE surface, showing undamaged rough structure. Scale bars, 10 μ m (left) and 1 μ m (right).
using off-the-shelf constituents-will expand the application scope of superhydrophobic coatings.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41563-018-0044-2.
